Purpose: This case study is motivated by the subcontracting problem in an oilfield equipment and service company where the management needs to decide which parts to manufacture inhouse and which parts to purchase from suppliers when the capacity is not enough to make all required parts. A higher level quality can be achieved for the parts manufactured in house and the lead time can also be well controlled. Currently the company is making subcontracting decisions based on management's experience.
Introduction
Inventory management is important for the successful operation of most industries due to the amount of money inventory represents. Due to the variation in product demand, the industry may not be able to manufacture all the necessary parts on time. In this case, subcontracting becomes vital in order to avoid shortage and to maintain continuity in the manufacturing process.
Subcontracting is defined as "a situation where the firm offering the subcontract requests another independent enterprise to undertake the production or carry out the processing of a material, component, part or subassembly for it according to specifications or plans provided by the firm offering the subcontract" (Holmes, 1986) . When the available capacity is not enough, a decision has to be made about what parts should be manufactured in-house and what parts should be subcontracted. The growing pressures of time-based global competition have led to the recognition of subcontracting as an important contributor to the competitive advantage of the firm (Kumar & Wilson, 2009 ).
Manufacturing industries typically deal with thousands of parts and many suppliers. Extensive research has been done on the selection of suppliers or subcontractors (Krause, Handfield & Scannell, 1998; Carr & Pearson, 1999; Ferrer, 2003; Li, Murat & Huang, 2009 ) and supplier uncertainty (Petrovic, Petrovic & Rajat, 1998; Hillier 2002; Yang, Ronald & Chu, 2005; Kim, Chatfield, Harrison & Hayya, 2006; Mohebbi & Hao, 2006) . However, in-depth research in identifying which parts to manufacture in-house or subcontract is not common.
Several approaches have been used in the industries for make-or-buy decisions. The first approach is to manufacture the parts with early due dates and subcontract the ones that would not be possible to manufacture within the time frame. The problem with this approach is that the productivity of the plant decreases because different setups are used for different parts.
Another approach that is being followed in the industries is to manufacture the parts that have similar setups to the part that is currently being manufactured, and subcontract the rest. Even though this approach increases the productivity of the plant, the inventory levels may go up (Atamtürk & Hochbaum, 2001 ).
-116-Journal of Industrial Engineering and Management -http://dx.doi.org/10. 3926/jiem.511 The third approach is to prioritize the inventory by using general inventory classification methods. Inventory classification is a crucial element in the operation of any production company. Because of the huge number of inventory items in many companies, great attention is directed to inventory classification into the different classes, which consequently require the application of different management tools and policies (Chase, Jacobs, Aquilano & Agarwal, 2006) . ABC analysis is one of the most commonly employed inventory classification techniques.
Conventional ABC classification was developed for use by General Electric during the 1950s.
The classification scheme is based on the Pareto principle, or the 80/20 rule, that employs the following rule of thumb: ''vital few and trivial many." The process of ABC analysis classifies inventory items into A, B, or C categories based on so-called annual dollar usage. Annual dollar usage is calculated by multiplying the dollar value per unit by the annual usage rate (Cohen & Ernst, 1988; Partovi & Anandarajan, 2002) . Inventory items are then arranged according to the descending order of their annual dollar usage. Class A items are relatively small in number, but account for the greatest amount of annual dollar usage. In contrast, class C items are relatively large in number, but make up a rather small amount of annual dollar usage. Items between classes A and C are categorized as class B. Chen, Li and Liu (2008) examines several multiple criteria ABC analysis procedures which have been criticized for its exclusive focus on dollar usage. Other criteria such as lead-time, commonality, obsolescence, durability, inventory cost, and order size requirements have also been recognized as critical for inventory classification (Flores & Whybark, 1987; Jamshidi & Jain, 2008; Ng, 2007; Ramanathan, 2006) . In order to accommodate multi-criteria inventory classification, many researchers have proposed methods that consider factors other than annual dollar usage. Flores and Whybark (1987) developed a cross-tabulation matrix method for use in bi-criteria inventory classification; they found that the method becomes increasingly complicated when three or more criteria are involved in evaluations. Flores, Olson and Dorai (1992) have proposed the use of joint criteria matrix for two criteria. Analytic hierarchy process (AHP) developed by Saaty (1980) has been successfully applied to multi-criteria inventory classification by Flores et al. (1992) . The advantage of the AHP is that it can incorporate many criteria and ease of use on a massive accounting and measurement system, but its shortcoming is that a significant amount of subjectivity is involved in pairwise comparisons of criteria. They have used the AHP to reduce multiple criteria to one consistent measure. Hadi-Vencheh (2010) proposed a simple nonlinear programming model, which determines a common set of weights for all the items. Yu (2011) compared artificial-intelligence (AI)-based classification techniques with traditional multiple discriminant analysis (MDA). Kabir and Hasin (2012) developed an improved multi-criteria inventory classification model using Fuzzy Analytic hierarchy process (FAHP) approach. Although the FAHP approach proved to be a convenient method in tackling practical multi-criteria decision making problems an -117-Journal of Industrial improvement could be done in the determination of the weights of each component to handle uncertainties in the decision making. Larson (1980) proposed a method FSN to classify parts as fast-moving (F), slow-moving (S) or non-moving (N) based on demand. Mukhopadhyay, Pathak and Guddu (2003) proposed VED method to classify parts as Vital (V), Essential (E), or Desired (D). The integration of ABC with other factors has been considered by several studies. ABC is integrated with a mixed integer program (MIP) in Kirche & Srivastava (2005) for order management. Bhattachaya, Sarkar and Mukherjee (2007) developed a procedure based on ABC and perishability of items. Hincapie, Lee and Emblom (2011) developed a decision support system which ranks component parts by integrating multi-criteria classification methods. The decision is to manufacture the parts that have the highest priority. Nahmias and Demmy (1981) modeled a system which maintains inventory to meet both high priority and low priority demands. They evaluated the control structure such that various methods of comparing refill rates may be developed both when rationing of the reorder point, quantity, and support level is and is not in effect.
Among the three general classification methods, ABC focuses on cost and FSN focuses on demand.
Both ABC and FSN are quantitative methods and do not take into account the perceived importance of the part in the eyes of the manager. VED allows the management to assign parts priority subjectively, but it does not fully utilize the available inventory data. The problem of these classification methods is that no one considers the integration of both quantitative (ABC and FSN) and qualitative factors (VED) in one model. An integrated approach needs to be developed that can rank the inventory based on multiple criteria, taking into account both quantitative and qualitative factors. Once this new approach is developed, a Decision Support System (DSS) can be implemented to rank the inventory. A DSS is defined as a class of information systems that support decision-making activities (Holsapple & Whinston, 1996) . Various DSS's have been developed for inventory management. Sadrian and Yoon (1994) developed a Procurement Decision Support System (PDSS) to improve the procurement practices of a company. Ronen & Trietsch (1988) developed a DSS for purchasing components and materials for large projects taking into account lateness penalties. Walker (2000) developed of a decision support tool for the singleperiod inventory problem. DSS using simulation (Bed & Nagarur, 1994) , stochastic sampling (Jeong, Leon & Villaboros, 2007) , and fuzzy logic (Lan, Ding & Hong, 2005; Zeydan & Colpan, 2009 ) have also been developed to deal with various manufacturing applications, but none of these systems addresses the problem of ranking parts for subcontracting or manufacturing inhouse decisions using both quantitative and qualitative factors.
This case study is motivated by the subcontracting problem in an oilfield equipment and service industry. Currently the company is making subcontracting decisions based on management's experience without using any data, and discussion with the management indicates that both quantitative and qualitative factors are important. Our objective of this case study is to 1) develop an integrated inventory ranking procedure that takes into account both quantitative factors such as -118-Journal of Industrial Engineering and Management -http://dx.doi.org/10.3926/jiem.511 cost and demand, and qualitative factors such as functionality, efficiency, and manufacturing expertise or quality; and 2) develop a DSS to implement the integrated inventory ranking procedure and produce a ranked list to help the management in make-or-buy decisions.
The proposed integrated inventory ranking procedure will make use of three classification methods: ABC, FSN, and VED. Based on our discussion with the management and review of existing inventory data, we believe that the integration of the three methods will provide useful information to make subcontracting decision. At the same time, our DSS is designed in a modular fashion which can be modified to add more classification methods. Section 2 of this paper provides the logic we follow to implement each of the three inventory classification methods. Section 3 presents the integration mechanism and the theory foundation of our integrated procedure. The development of a DSS to implement our procedure is discussed in section 4. In section 5, the case study is performed using real data from the oilfield equipment and service industry. Using the DSS, the company developed a ranked list of about 50 critical parts to be manufacture in-house. Our concluding remarks are given in section 6.
Inventory classification methods
The proposed integrated inventory ranking procedure uses three classification methods: ABC, FSN, and VED. The ABC and FSN methods consider quantitative factors such as cost and demand, and the VED focuses on qualitative factors such as functionality, efficiency or quality.
All the qualitative factors have cost implications. When the cost is difficult to estimate, VED allows management to subjectively assign a class based on past experience. An illustrative example of the application of each of these classification schemes in our research is given in the sections below.
ABC classification
The ABC classification ranks the parts based on their dollar usage value in a given period. The high value parts (about 20%) are classified as A, the middle value parts (about 30%) are classified as B, and the lower value parts are classified as C. The procedure used in our study to perform the classification entails the following steps: 6. Classify the top 20% of the parts as A, the next 30% of the parts as B and the remaining parts as C.
The cutoffs for ABC in the procedure above are used as a general rule and the management may differ in the way they classify the inventory. So, the cutoff % for classification should be based on user input. For example, in Table 1 
VED classification
VED is based on the criticality of parts judged by the management where parts are classified as Vital, Essential, or Desirable. It can also be used for other aspects of decision making such as the due dates and setup times. This is a subjective decision made by the management and varies from part to part. In general, an item is classified as Vital in any of the following circumstances:
• Functionality: If the non-availability of the item shuts down the process completely and there is no standby unit as a spare.
• Efficiency: If the non-availability of the item completely reduces the efficiency of the manufacturing process.
• Quality: If the item is unique and/or the company involved is a world-class manufacturer of the item.
An item is classified as Essential in any of the following circumstances:
• Functionality: If the non-availability of the item shuts down the process but a standby unit exists.
• Efficiency: If the non-availability of the item reduces the efficiency of the process.
• Quality: If the quality of the item manufactured in-house is slightly better than purchased item.
An item is classified as Desirable in any of the following circumstances:
• Functionality: If non-availability of the item does not affect the operation of the manufacturing process -121-Journal of Industrial Engineering and Management -http://dx.doi.org/10.3926/jiem.511
• Efficiency: If non-availability of the item does not significantly affect the efficiency of the process.
• Quality: If the quality of the item manufactured in-house is no better than purchased item.
Once the three classifications are done, a method for combining them is needed. The different methods of combining the classifications along with their analyses are discussed in the next section.
Integrated inventory ranking procedure
In ranking the importance of parts, several factors must be considered. When three classification methods are integrated, it is possible that the management feels that the levels of importance of the three methods are different. Weights can then be assigned to the methods and they may change from one industry to the other. While the factors considered in the classification methods are not mutually independent, the three classification methods may assign different priority scores to the same part, resulting in three different ranked lists. For example, if the part with the highest demand is the most expensive part, then both FSN and ABC will assign the part with high priority. If the cost to make the part is relatively low but demand is high, then this part may not receive high priority based on ABC. A part with low demand and low cost may also be classified as "Vital" under VED if the quality of the part manufactured in-house is significantly better than purchased from subcontractor.
The notation that would be followed to indicate the priority levels for ABC, FSN, and VED classifications respectively is [ABC, FSN, VED]. If we consider three priority levels for the purpose of integration, then a total of 27 different combinations (3 3 ) are possible which can be generalized into 3 categories:
• Identical priority levels for all classifications (e.g., [1,1,1])
• Mixed priority levels for all classifications (e.g., [1,1,2])
• Distinct priority levels for all classifications (e.g., [2,1,3]) -122-Journal of Industrial Engineering and Management -http://dx.doi.org/10.3926/jiem.511
Integration mechanisms a) Identical priority levels for all classifications
The priority levels assigned to each of the three classifications are identical. Assume that the weights assigned to each of the classifications is (3, 2, 1), the parts with (A, F, V) ranking will receive a priority score of 3 x 3 = 9. The parts in the lowest priority group (C, N, D) will receive a priority score at 3 x 1 = 3. The priority scores that would be assigned to each of the different combinations of the three classifications are shown in Table 3 . The 27 different combinations of the classifications have 7 different priority scores. If this mechanism is used to generate a ranked list, then many parts will have same priority scores resulting in a lot of ties. The management needs to break the ties in order to use the ranked list for decision making. 
b) Mixed priority levels for all classifications
In mixed priority levels, two of the three classifications have the same priority level, with the third classification either having higher or lower priority.
For illustration purpose, the two classifications ABC and FSN are considered as having the same priority levels and are assigned the weights (3, 2, 1). VED classification is assigned a higher priority level with weights of (6, 4, 2). The priority scores that would be assigned to each of the different combinations of the three classifications are shown in Table 4 . This integration mechanism will result in a ranked list that has less number of ties when compared to the identical priority levels case. Nonetheless, the management has to break the ties before using this mechanism to integrate the three classifications. 
c) Distinct priority levels for all classifications
For the sake of analysis, consider the classification having the highest priority level as having the weights 3 x (3, 2, 1), the classification having the second highest priority level have the weights 2 x (3, 2, 1), the classification that has the third and least priority level have the weights 1 x (3, 2, 1). In this example, VED classification is given the highest priority level and therefore the weight assignment is as follows: V → 9, E → 6, D→3
ABC classification is given the second highest priority level and therefore the weight assignment is as follows: A → 6, B → 4, C → 2 FSN classification is given the third priority level and therefore the weight assignment is as follows: F → 3, S → 2, N → 1
The priority scores that would be assigned to each of the different combinations of the three classifications for this category are shown in Table 5 . The ranked list generated by this integration mechanism will have 13 different priority scores for the 27 combinations. Table 5 shows that ties are still taking place. Such ties can be broken off easily by simply taking into consideration the initial weighting factor arrangement. For the solution shown in Table 5 , if VED > ABC > FSN, then the ranking will be as that shown in Table 6 . Of the three classifications, we believe that the VED ranking system should have the most weight. If a part is so critical that it will shut down the entire process, then it should be given the highest priority over value and demand. The part's value, or ABC classification, should have the second rank in the weight system. If the part uses a significant amount of the manufacturer's capital to produce, it should be considered more important and have a higher rank than a high-demand part. However, if it is not vital to keep the process operating, then it should be ranked lower than a vital part. Lastly, the FSN classification can be used as a tiebreaker for high-cost, vital parts in the process. A high-demand part should have priority over a slow or non-moving part, but its demand should not take precedent over value or vitality.
Inventory ranking procedure
Using above guidelines to assign weights to the three classifications will eliminate ties and satisfy some industry experts. This method can be used as an industry standard. There is no argument that a part which is vital to the process must take the highest priority; but one can argue that a fast-moving part should be prioritized over a high-cost part. The main idea of these guidelines is to use a multiplier to distinguish between the different classifications to eliminate ties altogether and have a clear ranking of inventory.
Decision support system
A DSS called Integrated Inventory Ranking System for Inventory Management (IRSIM) is developed in MS Access to implement the integrated inventory ranking procedure. IRSIM had three major modules: the database module, the model management module, and the user interface module. The database module and the model management module made up the internal design of IRSIM.
The internal structure of IRSIM is designed to be modular so changes can be implemented as desired. The model management module comprises of the code that was written to perform the classification techniques and to integrate them based on weights provided by the user. The development of the internal structure consists of designing the tables, defining the relationship among them, designing queries, writing programming modules and macros as depicted in Figure 2 .
The user interface was designed to be as user friendly as possible, and the input that the system requires to perform the classifications was kept as simple as possible. Options have been provided in IRSIM to generate various other reports other than the reorder lists, so that the user can choose the kind of information he/she would like to use for making a decision.
The validity of IRSIM is tested and verified by utilizing real world data. While we feel that VED is more important than ABC and FSN, the weights may change from one industry to the other, so it is not practical to implement a general procedure to assign weights. It is possible that a relationship exists between the weights and the classifications, and the management can experiment different scenarios.
In the next section we use a case study to show the application of our tool in the real world.
We believe that the proposed inventory ranking procedure is practical and flexible due to the fact that it gives the flexibility to a manager in deciding what factors are of utmost importance for their company and assign weights accordingly.
Case study
An oilfield service industry carries different types of inventories such as raw materials, purchased parts, partially completed goods, finished goods, tools and supplies. They have a total of 5,672 parts that they manufacture and another 5,663 different parts that they purchase. No matter how well they try to predict the demand for these, situations arise when the parts that are stored in the inventory are not enough to satisfy a customer's order. In such cases, the parts are put on a reorder table. An example of a reorder table is as shown in Table 7 . It contains information such as the drawing number that needs to be used to manufacture the part, the current stock, the reorder point and the amount to reorder for each part.
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The reorder table consists of both the parts that can be manufactured and the parts that need to be purchased. Several times, all the manufactured parts that need to be reordered cannot be manufactured in time to meet the demand and these parts will then need to be subcontracted. A decision needs to be made about what parts in this reorder list should be manufactured in-house and what parts should be subcontracted.
For IRSIM to function, the input that is given should consist of the day-to-day transactions that take place in terms of demand. Some historical data are shown in Table 8 . It consists of information such as the record number pertaining to a transaction, the part number, its description, the date and amount of demand, the price of each part and also information about the employee that placed the order. Once the data file is converted and stored in the transaction ▪ Fast moving parts have a demand greater than or equal to 46 ▪ Slow moving parts have a demand of less then 46 and greater than 5 ▪ Non moving parts have a demand less than or equal to 5
3) Assign Weights -Once all the classifications were performed, they were assigned weights using the Assign Weights function on the main menu of IRSIM. The management of the oil equipment company believes that the costly parts should be made in-house, so ABC is given the highest weights at (10, 5, 1). The FSN is considered as more important than the VED, so a (5, 3, 1) is used for FSN and (3, 2,1) is used for VED.
4) Generate Reorder
Lists -To generate the reorder lists, the Reorder Lists function was selected from the main menu. A sample output is displayed in Figure 3 with the respective classifications and the priority scores. The parts are arranged in descending order of their priority scores.
A ranked list is given in Table 9 . Pin, Jaw Roller -4 ½" & 5 ½" -10 ¾" Tong Table 9 . Ranking table
Our system suggests that those parts with higher priority scores are those which would be of more importance to the company and therefore should be produced in-house so as to have better control of it based on the production capacities and due dates. While those with lower priority scores are of lesser importance and may be considered for outsourcing within the allowable order constraints.
Conclusions
The case study is performed to develop an integrated inventory ranking procedure to determine make-or-buy decisions on the parts of an oilfield equipment company. A DSS called IRSIM is created to implement the procedure using MS Access database software.
Three different inventory classification techniques including ABC classification, FSN classification, and VED classification are integrated into IRSIM to combine both quantitative factors and qualitative factors to generate a ranked list.
-132-Journal of Industrial Engineering and Management -http://dx.doi.org/10. 3926/jiem.511 The integration of all three inventory classification techniques into a single system is a unique feature of this research. This is important as it provides a more inclusive, big picture view of the DSS for management's use in making business decisions.
The inventory ranking depends heavily on the weights given to the three classification methods. The VED ranking should have the most weight if vital parts can be easily identified. If the shortage of a part will shut down the entire process, then it should be given the highest priority over value and demand. The part's cost, or ABC classification, should have the second rank in the weight system. Lastly, the FSN classification can be used as a tie-breaker for highcost, vital parts in the process.
Our DSS is tested and verified by utilizing real world data, and the company has produced a list of parts to be made in-house. While we feel that the VED ranking should have the most weight, the management of the oil equipment company believes that the costly parts should be made in-house, so ABC is given the highest weights. The decision reveals that the management may not feel very comfortable about their VED assignment. Other industries will generate different rankings if different priorities are used, indicating the need for a flexible DSS. This is very common in DSS applications.
Future enhancements to this research can be done in two areas. The inventory ranking procedure is based on three quantitative and qualitative factors as suggested by the company in our case study. Future research can consider other classification methods and other factors such as due dates and similar setups. The integration mechanism can also be enhanced to implement procedure to assign weights for the other factors. The IRSIM developed in this case study focuses on the make-or-buy decisions for one industry. The scope of IRSIM can be further extended to deal with other inventory management problem areas such as reorder strategies.
